The total DNA per cell and DNA synthetic cycle phases were determined by flow cytometry in five Candida isolates including three species: Candida albicans 208R1, Candida tropicalis ATCC 750, and Candida parapsilosis 970, 3138, and ATCC 22019. The cells were prepared for flow cytometry by fixation in Carnoy fixative followed by staining with mithramycin. Marked but stable and reproducible inter-and intraspecific differences in total DNA per cell of stationary-phase cultures were found which did not correlate directly to diphenylamine estimates of the same parameter. This discrepancy was resolved by mathematically converting flow cytometry data into diphenylamine data. The reason for the discrepancy was found in studies of the DNA synthetic cycle of these yeasts: a large but isolate-specific variable proportion of the population is arrested in the S and G2-M phases after the culture passes from exponential to stationary phase. Histograms of exponential-growth-phase Candida isolates demonstrate that the majority of the population is in the G2-M phase of the DNA synthetic cycle. The DNA content of the C. tropicalis and C. parapsilosis isolates studied is as high as or higher than that of C. albicans. Extranuclear fluorescent particles were observed in the C. tropicalis isolate. No equivalent particles could be detected in the other four Candida isolates. The nature of the particles is unknown.
The genus Candida contains a number of medically important species (14, 15) . Candida albicans, the most frequently isolated species, has been implicated in a variety of diseases ranging in severity from oral thrush to systemic candidiasis (7, 13, 15) . Candida tropicalis infection results in high mortality, particularly in immunocompromised patients (13) . Candida parapsilosis infections occasionally result from procedures involving parenteral nutrition (7, 13) .
Although biochemical and immunochemical studies have proved valuable for the taxonomic classification of Candida isolates (13) , cell biological parameters associated with the DNA synthetic cycle have not been elucidated for this genus. Flow cytometry is an appropriate method to study the DNA synthetic cycle. This technique involves staining cell suspensions with a fluorescent substance which reacts stoichiometrically with the DNA. The amplitudes of the pulses resulting from irradiating the cells at a wavelength specific to produce fluorescence activation can be used to estimate both the distribution of cells among the phases of the DNA synthetic cycle as well as the total DNA per cell.
This report describes a method for preparing Candida isolates for flow cytometric analyses and presents estimates of the proportions of G,, S, and G2-M cells present during exponential growth of five Candida isolates. In 
MATERIALS AND METHODS
Cultivation of Candida isolates. Five Candida isolates (one C. albicans, one C. tropicalis, and three C. parapsilosis) were studied. C. albicans 208R1 is a prototrophic revertant isolated from a methionine auxotroph obtained originally from clinical material (strain MS24) as described previously (25) . C. tropicalis ATCC 750 and C. parapsilosis ATCC 22019 are the species type specimens. The remaining two C. parapsilosis strains (970 and 3138) are clinical isolates classified as to species on the basis of carbon source assimilation patterns, cell surface antigens, and DNA-DNA hybridization (S. A. Meyer and A. Nishikawa, personal communications).
The cells were grown in 250-ml Erlenmeyer flasks containing 30 ml of liquid yeast extract-peptone-glucose medium (6) at 30°C in a shaking water bath incubator (model 50; Precision Scientific, Chicago, Ill.) operating at 40 strokes per min. Initial inocula contained fewer than 100 cells per ml. After overnight incubation, the cells were in exponential-phase growth, and samples were harvested for analysis at predetermined intervals. Incubation and sampling were terminated when the cultures were in stationary phase (3 days).
Fixation and staining of cells. All samples were washed and pelleted by centrifugation in phosphate-buffered saline, pH 7.4, dispersed with a vortex mixer (Scientific Industries, Inc., Queens Village, N.Y.), and fixed at 4°C for 15 min in Carnoy fixative (18) . After fixation, the samples were stained with mithramycin (Polysciences, Inc., Warrington, Pa.) by a modification of a method described previously (5) . Briefly, this consisted of posttreatment in a phosphate-buffered saline buffer containing Triton X-100 (Rohm & Haas Co., Philadelphia, Pa.) and sodium citrate, pH 3.0, and dilution in FLOW CYTOMETRIC ANALYSIS OF CANDIDA SPP.
lowed by the addition of mithramycin to a final concentration of 0.4 mg/mi. All preparative procedures were done under sterile conditions. After the addition of mithramycin, the sample tubes were wrapped with aluminum foil and stored at 4°C in the dark to prevent photobleaching.
Portions (1 ml) of each culture were also fixed at regular intervals for a determination of growth kinetics by the addition of 20 ,ul of a 50% glutaraldehyde solution and quantified with a Coulter model ZBI counter (Coulter Electronics, Inc., Hialeah, Fla.). It was found that, during the first 6 h of growth, the logarithm of cell concentration is a linear function of time. Accordingly, the estimated slope of the corresponding regression function was taken to be the growth rate (population doubling time-'). The degree of dispersion (coefficient of variation) for each data set was estimated as 10Ox (standard error of the growth rate/growth rate).
Low-light-level video microscopy of mithramycin-stained cells. The specificity and intensity of mithramycin-stained samples were evaluated before flow cytometric analyses with a Leitz Ortholux-II microscope (Leitz/Optometric Div. of E. Leitz, Rockleigh, N.J.) equipped with a vertical fluorescence illuminator (filter block L2.1) and planapochromatic phase-contrast objective (x100, 1.3 n.a. Bivariate histograms showing cell number per channel as a function of nuclear fluorescence and forward-angle light scatter were collected at a resolution of 256 channels with the major peak channel containing about 2,000 counts. The total number of counts recorded depended upon the sample being analyzed, ranging from about 200,000 cells for the exponential-phase C. tropicalis ATCC 750 isolate to 60,000 cells for the stationary-phase C. parapsilosis 3138 isolate.
Estimates of G1, S, and G2-M dwell times were based on the assumption that during exponential growth, the number of cells in the population is increasing asynchronously. Correlated 64 by 64 element arrays of mithramycin-induced DNA fluorescence and log forward-angle light scatter data for each isolate were contoured at levels which allowed identification of the G1, S, and G2-M regions. Estimates of the number of cells present in the G1, S, and G2-M regions were made by circumscribing each region with a "window" and integrating over the channels contained in each window. The average dwell time for each region was calculated as the doubling time of the isolate, in minutes, multiplied by the fraction of the total population present in the region.
Diphenylamine determination of total DNA per cell. Total deoxyribose was determined on 3-day-old stationary-phase cultures of the five Candida isolates and then converted to total DNA per cell as described previously (26) . A minimum of three independent determinations were made per isolate; the mean of these determinations was used as the diphenylamine estimate of total DNA per cell. Extranuclear DNA particles (0 to 2 per cell) of different intensities were found in C. tropicalis ATCC 750 (Fig. 1F, arrows). These particles were not found in the other four Candida isolates examined.
Growth kinetics of the Candida isolates. A growth curve for C. albicans 208R1 which is representative of the five Candida isolates used in this study is shown in Fig. 2 . After an initial exponential growth phase, a stationary phase, assayed from 48 to 114 h, occurred during which no significant change in cell concentration was observed. Estimates of the growth rates during exponential increase of the five Candida isolates are presented in Table 1 . The coefficients of variation of these estimates ranged from 1.6 to 7.8%.
Flow cytometric analysis. The mithramycin-induced fluorescent DNA histograms of exponential-growth-phase and stationary-phase cultures of five Candida isolates are shown in Fig. 3 . In all cases, the majority of the population consisted of G2-M stage cells during exponential growth (solid lines). Discrete Gl, S, and G2-M regions were identified in the three C. parapsilosis isolates; neither the G1 nor S regions were identified in the single-parameter DNA histograms of either the C. tropicalis or C. albicans isolates. With the exception of C. tropicalis, these distributions shifted to a well-demarcated but asymmetric G1 peak with a heavy tail when the cultures were in stationary phase (broken lines). No discrete G1-stage peak was identified in stationary-phase cultures of C. tropicalis.
On the basis of either G1 or G2-M peak amplitude, marked intra-and interspecific differences in total DNA per cell were found. To confirm that these differences were biological and not the consequence of protocol or instrumentation problems, stationary-phase cultures of C. parapsilosis strains 3138 and 970 were mixed (1:1 ratio), fixed in Carnoy fluid, and stained with mithramycin. The resulting DNA histogram (Fig. 3 , lower left) consisted of two peaks with G, peak amplitudes equivalent to those found for the two C. parapsilosis isolates analyzed separately. (Fig. 6 ) demonstrate a significant correlation between these two analytical methods (Pearson correlation coefficient = 0.90; P = 0.035). Therefore, it was possible to calculate the discrepancy in estimates of total DNA per cell between the peak channel number determined by flow cytometry and the corresponding diphenylamine value for each Candida isolate as: (1 - [mean flow cytometry value/peak flow cytometry value]) x 100. The diphenylamine reaction overestimated the total DNA per cell by 17 to 121% depending on the Candida isolate ( Table 3 ). The three data sets used for this analysis were tested for normality by using the Shapiro-Wilk test (21) . The values were: for the peak fluorescence amplitude curve, w = 0.871, P = 0.31; for the integral fluorescence amplitude curve, w = 0.911, P = 0.45; and for the diphenylamine DNA determination, w = 0.876, P = 0.33. Thus, the null hypothesis was consistently not rejected, indicating that each data set is normally distributed.
DISCUSSION
Yeasts are assuming an increasingly important role in disciplines as diverse as clinical medicine, in which they are often found to produce opportunistic infections in immunocompromised patients, and biotechnology, in which they are used in genetic engineering. Consequently, research emphasis recently has been directed toward a more precise definition of their cellular and molecular biological attributes. Flow cytometry is an analytical technique suited to such studies; it can be used for, among other things, the simultaneous qulantification of the DNA synthetic cycle phases and the total DNA per cell.
The fixation protocol developed for this flow cytometric study of Candida isolates simplifies and improves comparative analyses of yeast DNA. In contrast to 70% ethanol, which precipitates protein and is commonly used to fix cells for DNA analysis by flow cytometry (3), Carnoy fixative also precipitates and stabilizes nucleoprotein complexes (18) . When used on cells of some species, however, Carnoy fixative often precipitates cell surface proteins resulting in cell aggregates which are difficult or impossible to disperse. This problem does not occur with yeast cells, probably because of the biochemical nature of their cell walls, which contain a high proportion of polysaccharides (1). In addition, Carnoy-fixed Candida cells are morphologically better preserved and stain more intensely with mithramycin than 70% ethanol-fixed cells (J. A. Dvorak, unpublished data). Consequently, in contrast to Saccharomyces cerevisiae, which is well preserved and stained by using a 70% ethanol fixation and mithramycin staining protocol (22) , Candida cells fixed in 70% ethanol and stained with mithramycin have a relatively low fluorescence emission present in a relatively high background of non-DNA-specific cell wall fluorescence, making discrimination of the DNA-specific portion of the signal more difficult. To overcome these problems, yeast cells have been stained for flow cytometry with nucleic acid-specific (but not DNA-specific) intercalating dyes such as propidium iodide (2, 9, 16, 17) . To quantify DNA, however, the cells must be pretreated to remove RNA. The manipulation of the cells required to remove RNA complicates the preparative protocol and makes it more prone to experimental variation.
The morphologically well-preserved state of Carnoy-fixed Candida cells permits a description of nuclear division stages in relation to cell growth. The appearance and growth of a cell bud to a "daughter" cell before karyokinesis in the three Candida species studied is morphologically similar to the appearance of these events in S. cerevisiae (22) . Mithramycin is an antibiotic which binds specifically to the 2-amino group of guanine (24) . Therefore, it is reasonable to assume that the extratiuclear fluorescent particles observed in C. tropicalis represent DNA. A morphologically similar phenomenon has been reported to occur after treatment of S. cerevisiae or Agaricus bisporus with Hoechst 33258, a benzimidazole derivative which binds specifically to DNA (12) , or after treatment of S. cerevisiae stained with 4',6-diamidilio-2-phenylindole (23, 28) , which binds preferentially to AT-rich DNA. The extranuclear fluorescent particles observed in these species were attributed to mitochondrial DNA. The origin and significance of the extranuclear Contour plots of mithramycin-induced cence versus log forward-angle light scatter for three isolates in exponential-and stationary-phase culture containing dots represents 10 counts above backgroi identified as "Doublets" is predominantly composed which are stuck together and which, consequently, cence amplitude of G2-M cells. Although the forv scatter amplitude of these two-cell clumps is high G2-M cells, the relative proportions of these two pop be determined accurately. The ordinate represents compression of the forward-angle scatter signal into 64 channels; the abscissa represents mithramycin-i cence over a linear range of 0 to 64 channels. mithramycin-stained particles found in the isolate are unknown. In addition, it is not kr these extranuclear fluorescent particles are l ATCC 750 strain of C. tropicalis or why tl Candida isolates studied, all of which wer prepared for flow cytometry under identical cl not appear to have them.
The mithramycin-induced fluorescent DNA exponential-and stationary-growth-phase Cat are, with the exception of C. tropicalis, me similar to those reported for Schizosaccharo, (2) but markedly different from those reported C. albicans (16, 17) . In contrast to previous re that the largest proportion of Candida cells ar phase of the DNA synthetic cycle during growth, which also appears to be the case wi the heavy tail emanating from the G1 peak ( Fig. 4 and 5 ).
C. parapsilosis This phenomenon was most pronounced in C. albicans and es. The of a comparison of either the G1 or the G2 peak amplitude. The discrepancy between diphenylamine and flow cytometric determinations of total DNA per cell for Candida isolates is readily explained by the fact that stationary-phase cells used routinely for diphenylamine determinations are assumed to be predominantly in G1 phase; the analytical method is unable to evaluate this parameter. However, as shown in this report, a marked proportion of stationaryphase Candida cells are in S and, to a lesser extent, G2-M phases. The larger the proportion of stationary-phase cells in S and G2-M phases, the greater the overestimate of total DNA per cell as determined by diphenylamine analysis becomes. By mathematically "converting" flow-cytometric data to diphenylamine data, making it insensitive to DNA synthetic-cycle phase, the two analytical techniques are directly comparable. A reciprocal procedure, however, is not feasible. That is, it is impossible to convert diphenylamine data into flow cytometric data. Therefore, flow cytometry appears to be the only unambiguous method of determining differences in the amount of DNA per cell in these cells. Unfortunately, it is impossible to estimate directly the absolute amount of DNA per cell by flow cytometry. The reason is that the flow cytometer was calibrated with fluorescent particles, not with cells of known DNA content. A reliable cell DNA standard in the magnitude of the Candida isolates is not available. However, even if such a standard were available, it would be risky to use it. The reason is that the mithramycin reaction is sensitive to variation in the mole percent G+C content of the DNA. Because the mole percent G + C content of the five Candida isolates studied in this report varies by less than 9% (S. A. Meyer and A. Nishikawa, personal communication), it is reasonable to assume that the observed differences in G, peak amplitude reflect real differences in total DNA per cell. One would need a cell standard which was not only of the same magnitude but which had essentially the same mole percent G + C DNA content as the Candida isolates for such estimates to be useful.
An additional consequence of the analytical approach presented here is that it provides the first biological proof of the central dogma of flow cytometry (i.e., fluorescent pulse amplitude is directly proportional to the amount of fluores- cent material present). Previous studies addressing this issue used fluorescent spheres (10) and assumed that the relationship observed with these nonbiological particles was valid for biological specimens as well. The data reported here confirm and extend this concept by comparing flow cytometric data to diphenylamine data and demonstrating that the fluorescent pulse amplitude of mithramycin-stained cells is proportional not only to the amount of fluorescent material present in the cell but to the amount of DNA per cell as well.
Intraspecific differences in total DNA per cell may be caused by differences in genomic complexity, ploidy, or both. Although genomic complexity and ploidy are known for C. albicans (11, 19, 27) , the possible contributions of these factors to the observed differences in total DNA per cell found in the C. parapsilosis isolates are unknown.
It is apparent from these studies that Candida isolates have a number of unique attributes amenable to analysis by flow cytometry. The pursuit of these studies may be expected to improve our understanding of this important group of yeasts.
